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Possible  contributing  factors  are  considered,  such  as  systematic  errors, 
specimen  preparation,  absorption,  grain  size,  and  the  optical  system  employed. 
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INTRODUCTION 


The  X-ray  determination  of  residual  stresses  in  textured  materials  has  been 
treated  by  many  investigators.  One  reason  for  such  great  activity  in  this  area  is 
the  preponderance  of  factors  influencing  the  departure  of  textured  material  from 
the  ideal  isotropic  behavior  in  that  the  d  spacing  vs.  sin1 2<Jj  relationship  is  not 
linear  but  rather  is  oscillatory.  A  current  synopsis  of  these  factors  is  given  by 
Dolle^  and  by  Ddlle  and  Cohen. 2 

A  popular  method  for  correcting  for  the  effects  of  texture  on  the  X-ray 
residual  stress  was  developed  by  Marion  and  Cohen.'3 4  In  this  treatment,  oscilla¬ 
tions  in  d  with  sin2^  were  correlated  with  the  deformation  texture  using  an 
approach  introduced  by  W.  Weidemann^  in  the  form: 

d  -  “max  -  V  +  d„  (1> 


where 


f(ot,B)  is  a  distribution  function  of  a  given  (h  k  1)  plane  relative  to  sample 
coordinates 

a  is  the  longitude  on  a  pole  figure  with  center  at  sample  normal 
6  is  the  latitude 

d  is  the  largest  lattice  spacing  (such  as  in  some  localized  region  A 

undergoing  maximum  deformation  due  to  energetically  favorable  orien¬ 
tation  relative  to  deformation  geometry) 

dg  is  the  smallest  lattice  spacing  (such  as  in  some  localized  region  B 
undergoing  least  deformation). 

Placing  Equation  (1)  in  a  general  form  including  the  effect  of  residual  stress,  a 
on  d  (Reference  3)  yields: 


(d 

max 


dg)  f  (a , 3)  +  d^ 


(1  +  v) 


sin  ^)  +  d 


B 


(2) 


1.  DOLLE,  H.  The  Influence  of  Multiaxial  Stress  States,  Stress  Gradients  and 
Elastic  Anisotropy  on  the  Evaluation  of  Residual  Stresses  by  X-Rays.  J.  Appl. 
Cryst,  v.  12,  1979,  p.  489. 

2.  DOLLE,  H.,  and  COHEN,  J.  B.  Evaluation  of  Residual  Stresses  in  Textured  Cubic 
Metals.  Met.  Trans.  A.,  v.  11A,  1980,  p.  831. 

3.  MARION,  R.  H.,  and  COHEN,  J.  C.  Anomalies  in  Measurement  of  Residual  Stress  by 
X-Ray  Diffraction.  Adv.  X-Ray  Anal.,  v.  18,  1975,  p.  466. 
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Gittereigenverf ormungen  in  plastich  ver formtem-Eisen ,  Arch  fur  Eisen,  v.  10, 
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where 


(J)  -  angle  around  specimen  normal 

d  -  spacing  along  specimen  normal 
v  -  Poisson’s  ratio 
E  -  modulus  of  elasticity. 

Marion  and  Cohen  aligned  the  angle  \p  along  the  rolling  direction  (R.D.)  of  a-Fe  for 
the  reflecting  plane  (211)  with  the  highest  diffracting  Bragg  angle,  20,  using  CrKa 
X-radiation.  For  this  technique,  the  elastic,  constants  are  assumed  to  be  isotropic 
and  applicable  to  the  X-ray  case.  As  may  be  deduced  from  Equations  (1)  and  (2)  the 
oscillations  in  d  are  in  phase  with  the  distribution  function  f(a,B),  i.e.,  the 
diffracted  peak-intensity  maxima  intensity  should  align  with  the  d  maxima. 

The  oscillations  along  R.D.  of  d  vs.  sin2^  were  treated  by  Shiraiwa  and 
Sakamoto5  to  determine  the  effect  of  elastic  constants  and  plastic  anisotropy  in 
textured  cold-rolled  steel  specimens.  The  elastic  constants  employed  were  taken 
from  single  crystal  data.  The  a=0  line  through  the  {211}  pole  figure  revealed 
f(0,t|;)  maxima  at  and  60°  contributed  by  the  (211)  [011|  comgonent  of  texture, 

at  (J)=19.5°  from  the  (111)  [2 1  l]  texture  component,  and  at  4*=35.3  from  the  (100) 

[Oil]  texture  component. 

A  generalized  treatment  was  developed  by  Dolle  and  Hauk6  for  relating  the 
lattice  strain  to  the  elastic  constants,  and  the  angles  <f>  and  for  anisotropic 
materials.  For  the  (211)  reflection,  oscillations  also  exist  parallel  to  R.D.  in 
(dQ  .  -  dQ)/do  vs.  sin2i{j.  For  this  particular  plot,  however,  Hauk  and  Sesemann7 
found  that  two  texture-dependent  directions  occur  in  which  the  lattice  strain  is 
isotropic.  This  procedure  by  itself,  although  implicitly  correct,  may  be  of  ques¬ 
tionable  accuracy  in  yielding  limited  data  at  low  values. 

In  addition  to  the  previously  cited  factors,  oscillations  may  also  be  present 
due  to  grain  coupling,  micro-stress  inhomogeneities,  and  shear-stress  and  large- 
stress  gradients.  In  the  case  of  sharp-stress  gradients  (Peiter  and  Lode,  as  dis¬ 
cussed  in  Reference  1)  the  nonlinearity  of  d  with  sin2i|>  is  smaller  than  the  previously 
discussed  effects.  In  addition,  this  effect  can  be  isolated  with  surface  removal, 
i.e.,  by  applying  an  electropolishing  procedure. 

Oscillations  are  also  likely  to  occur  if  the  grain  size  is  too  large.  Although 
the  likelihood  of  such  phenomena  taking  place  is  greatest  in  a  recrystallized 
material,  the  possibility  exists  that  deformed  alloys  might  exhibit  such  oscilla¬ 
tions.  Fortunately,  these  grain  size  oscillations  may  be  simply  detected  by 
repeating  the  measurements  after  translational  relocation  of  the  specimen,  which 
has  the  effect  of  altering  the  magnitude  and  location  of  the  oscillations. 2 


5.  SHIRAIWA,  T. ,  and  SAKAMOTO,  Y.  The  X-Ray  Stress  Measurement  of  the  Deformed 
Steel  Having  Preferred  Orientation,  Soc-  Mat.  Sci.,  1970,  Kyoto,  Japan,  p.  25. 

6.  DOLLE,  H. ,  and  HAUK,  V.  Einfluss  der  Mechanischen  Anisotropie  de  Vlelkristalls 
(Textur)  auf  die  Rontgenogriphische  Spannnngermittlung,  v.  69,  1978,  p.  410. 

7.  HAUK,  V.,  and  SESEMANN,  H.  Abweichungen  von  Linearen  Gitterbenenabstandsver- 
teilungen  in  Kubischen  Metallen  und  ihre  Berucksichtigung  bei  der 
Rontgenographischen  Spannungermittlung,  v.  67,  1976,  p.  646. 
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In  order  to  avoid  these  problems  associated  with  textured  materials,  Dolle 
and  Cohen2suggest  employing  {hOO}  and  {hhh}  reflections,  which  retain  the  linear 
d  vs.  sin2i(j  character.  As  an  alternative,  the  {3101  reflection  is  recommended  in 
place  of  the  {211}  in  steel  to  avoid  these  texture  effects  along  the  R.D. 

In  this  study,  an  apparent  phase  difference  between  d  and  f(0,i)/)  along  the 
R.D.  in  textured  material  is  discussed.  This  phase  difference  is  significant  when 
correction  procedures  for  oscillations  along  the  R.D.  are  employed,  i.e. ,  the 
Marion-Cohen  method. 


X-RAY  DIFFRACTION  SYSTEM 

For  the  most  part,  the  X-ray  diffraction  data  presented  in  this  report  was 
taken  with  a  Rigaku  Strainflex  MSF/PSF  system.  A  chromium  (Cr)  X-ray  tube  operated 
at  30  kV  and  10  mA  was  the  source  of  the  Ka  filtered  radiation  utilized  in  this 

work.  A  standard  1  divergence  beam  and  receiving  slit  with  a  built  in  collimator 

provided  the  specified  "parallel  beam"  optics. 

The  X-ray  geometry  illustrating  the  optical  variables  is  shown  in  Figure  1. 

Ng  is  the  specimen  normal,  whereas  the  diffraction  system  normal  is  NR.  The 
angular  displacement  between  and  is  denoted  by  6,  and  is  ideally  equal  to  0. 
ij>0  is  the  inclination  angle  built  into  the  Rigaku  Strainflex,  whereas  is  the 
corrected  angle.  During  an  X-ray  "20  scan",  the  Rigaku  X-ray  is  generally  used 
in  X-ray  residual  stress  calculations.  The  angle  n  is  defined  as  90-0. 

The  position  of  the  diffraction  peak  maximum  was  obtained  from  the  recorder 

chart  dif fractogram  employing  the  side  slope  method.  It  was  found  that  the  para¬ 
bolic  fitting  method  and  the  midpoint  method  (when  sufficient  background  data 
were  recorded)  consistently  gave  similar  results,  but  that  the  side  slope  method 
was  more  convenient  to  work  with. 


Figure  1 .  Schematic  drawing  of  X-ray  diffraction 
geometry  for  the  Rigaku  Strainflex  system. 
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MATERIALS 


The  three  textured  specimens  considered  in  this  study  are  a  martensitic  steel, 
a  cold-rolled  iron  (Fe),  and  an  Al  alloy. 

a.  Martensitic  steel* 

^Specimen  1  was  cut  from  a  4340  steel  plate  that  had  been  austentized  at 
1550  F,  rolled  to  a  reduction  of  90%  over  a  declining  temperature  range  and, 
finally,  water-quenched  from  the  "hay"  region.  This  specimen  revealed  a  high 
degree  of  texture- 

b.  Pure  iron 

Specimen  CR1  was  fabricated  by  (1)  arc  melting  electrolytic  iron,  (2)  nor¬ 
malizing  at  940  C  for  20  min  in  air  and  air  cooling,  (3)  machining  to  a  thick¬ 
ness  of  0.140",  (4)  cross  rolling  to  0.070",  (5)  vacuum  annealing  at  710°C  for  30 
min  and  furnace  cooling,  (6)  diamond  polishing  the  two  parallel  surfaces,  and  (7) 
rolling  in  one  direction  to  an  approximate  thickness  of  0.020",  or  a  reduction  of 
70%  (0.005"  per  pass). 

c.  Aluminum  alloy  7039* 

Cold-rolled  with  a  (111)  texture  of  9R. 


PHASE  EFFECT 

If  d  ,  or  20  .  ,  and  f(0,^)  or  h  (peak  height)  is  measured  from  the  (211) 

CrKot  diffraction  pealt;  ideally,  from  the  Equations  (1)  and  (2)  the  h  or  f 
,  ,  .  .  .  ,  ,  ,  max  max 

should  align  with  the  20  .  ,  as  a  function  of  1I10  or  t b. 

mm 

Such  a  plot,  as  shown  in  Figure  2,  employing  specimen  1,  shows  that  such  is 
not  the  case.  A  similar  experiment  conducted  with  cold-rolled  Fe  (specimen  CR1) 
reveals  a  similar  relationship  in  Figure  3.  With  such  a  mismatch  in  20  .  and 
^max  ^ie  in  2®min  vs*  ^  is  defined  as  20^)  a  large  error  in  the  computed 

residual  stress  can  result.  This  error,  however,  is  reduced  as  the  stress 
increases . 5 

One  of  the  objectives  of  the  treatment  that  follows  is  to  try  to  experimen¬ 
tally  determine  the  factors  governing  this  phase  difference.  It  is  hoped  that 
even  though  these  factors  are  found  to  be  independent  of  such  a  phenomenon,  that, 
at  least  they  may  be  justifiably  removed  whenever  an  analysis  of  such  an  effect 
is  considered. 


SYSTEMATIC  ERRORS 

The  following  parameters  were  tested  and  found  to  have  a  negligible  effect  on 
reducing  the  value  of  20  . 

Li 


*This  specimen  was  fabricated  and  kindly  furnished  by  A.  Zarkades  of  AMMRC. 
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to  note  that  this  case  represents  the  only  condition,  for  the  (211)  reflection, 

where  20  .  and  h  are  aliened, 
mm  max  6 

This  particular  experiment  seems  to  support  the  suggestion  that  this  20  effect 
is  not  necessarily  due  to  large  machining  stress  gradients.  ^ 


Figure  4.  2  0  and  h  [CrKot  (2J1)]  vs.  </)’  for  steel  speci¬ 
men  1,  with  scanning  speed  20  reduced  to  1°/min. 

O  • 


Figure  5.  2  0  and  h  vs.  <l>  ’  for  iron  specimen  CR1  after  electropolishing 
the  specimen  surface. 
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a.  Alignment  of  X-ray  system 


1.  Receiving  slit  position 

The  procedure  to  test  the  effect  of  a  variation  in  the  alignment  of 
receiving  slit  was  to  rotate  the  receiving  slit  until  the  20  peak  position  of  stand¬ 
ard  specimens  (i.e.,  Fe,  Au,  Al)  were  fixed  at  three  distinct  levels  and  subsequently 
repeating  the  20  and  h  vs.  iji  experiment. 

2.  Specimen  distance 

The  diffractometer  was  raised  and  lowered  2  mm  in  the  direction  of  the 
specimen  normal. 

3.  Specimen  rotation  along  iji 

To  check  on  this  effect,  specimen  l  was  rotated  from  the  direction 
(see  Figure  1)  by  the  displacement  angle  6. 

b.  Scanning  rate  and  time  constant 

*  o 

Specimen  1  was  examined  using  a  decreased  scanning  rate,  i.e.,  20=1  /min  (see 
Figure  4). 

c.  Variation  in  <|>  of  180°  (with  and  opposite  R.D.) 

d.  Absorption 

1.  Random  samples  of  steel  (exhibiting  less  than  5%  variation  of  xR 
over  an  entire  pole  figure)  and  Al,  were  examined  for  loss  of  intensity  with 
increasing  iji.  The  results  are  in  agreement  with  theoretical  calculations.  This 
intensity  correction  was  applied  to  the  f(u,8)  distribution  function. 

2.  The  effect  of  the  change  in  shape  of  the  diffracted  peak  due  to  ab¬ 
sorption  and  to  the  Lorentz  Polarization  factor  on  20^  was  also  tested. 

e.  Grain  size 

To  mitigate  against  the  effect  of  grain  size,  the  entire  Rigaku  goniometer  is 
oscillated  up  to  ±7°  in  ip ,  the  time  constant  increased  to  10  sec,  and  the  scanning 
rate  decreased  to  1  /min.  The  grain  size  and  distributions  were  determined  metal¬ 
lographies  1  ly  and  found  to  be  elongated  and  large,  varying  from  10  to  80  pm  wide  to 
100  to  400  vim  long. 

f.  Polishing  procedure 

All  specimens,  such  as  1,  were  mechanically  polished  using  a  procedure  that 
was  found  to  introduce  no  effect  due  to  cold  work.  However,  specimen  CR1  was  not 
mechanically  polished. 

Electropolishing  specimen  CR1  (see  Figure  5)  gave  essentially  the  same  results 

as  the  as-rolled  condition  shown  in  Figure  3.  The  only  difference  is  the  better 

resolution  of  the  (111)  [*21 1]  20  .  peak  with  electropolishing.  It  is  interesting 

min 
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Figure  7.  20  and  h  vs.  \\>  for  steel  specimen  1  with  Rigaku  divergent 
beam  X-ray  system  (1°  receiving  slit). 


REPRODUCIBILITY  AND  CONFIDENCE 

The  question  of  the  reproducibility  of  the  results  presented  in  this  report 
should  he  addressed. 

Certainly  more  could  have  been  done  to  isolate  the  characteristic  textures. 

The  main  emphasis  on  reproducing  data  has  been  with  the  systematic  errors  of  one 
parallel  beam  system.  Supporting  data  was  obtained  with  a  divergent  beam  (Diano) 
and  a  quasi-divergent  beam  (Rigaku)  system. 

A  decision  was  made  to  test  specimens  1  and  CR1  on  a  similar  parallel  beam 
X-ray  system  in  another  laboratory.  Experiments  were  repeated  on  a  Rigaku  Strain- 
flex  system  at  the  Bethlehem  Steel  Co.,  Homer  Research  Laboratory.  The  resultSQare 
shown^in  Figure  8.  Compare  the  20^  va^lues^of  specimen  1  of  approximately  5,8, 
and  9  (Figure  8)  with  the  values  of  4  ,  5  ,  and  5  reported  in  Figure  2. 

ALUMINUM  TEXTURED  ALLOY 

As  indicated  by  Dolle  and  Cohen,  the  I hhh )  and  the  { hOO }  planes  should  not 
display  any  oscillation  in  the  diffracted  peak  positions  due  to  texture.  The  tex¬ 
tured  aluminum  alloy  was  investigated  under  similar  experimental  conditions  as  those 
for  steel  using  parallel  beam  optics;  in  fact  the  texture  effect  is  absent,  as  the 
results  given  in  Figures  9  and  10  show  for  the  {2221  planes.  It  may  be  seen  that 
small  oscillations  occur  both  in  the  R.I).  case  and  for  the  specimen  rotated  90  to 
the  R.D.  This  may  be  due  to  the  large  "effective"  grain  size.  This  problem  was 
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DIVERGENT  BEAM  GEOMETRY 


A  General  Electric/Diano  XRD-5  diffractometer  afforded  a  divergent  X-ray  beam 
with  Bragg  Brentano  focussing. 

Specimen  1  was  subjected  to  three  levels  of  X-ray  beam  divergence.  Although 
the  condition  affording  the  highest  degree  of  divergence  also  provided  the  smallest 
"effective"  particle  size,  (i.e.,  1  beam,  0.1  receiving  slit),  sufficient  resolu¬ 
tion  was  not  achieved  to  measure  20^  until  the  vertical  divergence  of  the  beam  was 
reduced  with  lead  masks  so  that  a  OilOO"  high  beam  was  allowed  to  pass  thru  the  0.4° 
beam  slit.  Since  the  X-ray  intensity  was  so  severely  reduced  under  these  condi¬ 
tions,  the  results  show  (see  Figure  6)  a  very  large  scatter  in  the  20  curve.  In 
spite  of  this  problem,  a  lag  in  20^  remains  at  approximately  5  . 

Finally,  specimen  1  was  examined  on  a  Rigaku  divergent  beam  diffractometer 
with  a  fixed  specimen  (m=0)  and  a  large  receiving  slit  (1  ).  Figure  7  gives  the 
same  behavior  as  that  using  parallel  beam  optics,  20^  *  4-5°. 


Figure  6.  28  and  h  vs.  for  steel  specimen  1  with 
0.4°  beam  slit  and  limited  vertical  divergence  on  the 
Oiano  system. 
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Figure  10.  20  and  h  vs.  i p'Q  for  aluminum  textured  alloy  specimen  ( ijj  'Q 
in  cross  rolling  direction). 


observed  earlier  in  an  investigation  of  aluminum  plate  selected  as  standards  for 
establishing  a  procedure  for  measuring  residual  stresses  in  aluminum.®  In  some 
cases,  this  problem  of  grain  size  was  so  severe  that  oscillations  of  ±7  in  if)  were 
necessary  to  eliminate  the  effect. 


CONCLUSIONS 

The  mismatch  or  lag  in  28  .  (or  d  )  behind  the  (211)  Ka  intensity  maximum 
appears  to  be  a  real  effect  to  contend  wii:h  at  least  in  the  application  of  the 
Marion-Cohen  method  of  correcting  for  texture  in  the  application  of  parallel  beam 
optics.  Whether  this  behavior  is  due  to  microstrains,  inhomogeneities,  plastic 
anisotropy,  large  grain  size,  grain  coupling,  or  other  untested  factors,  they  are 
present  in  the  two  forms  of  steel  textures  revealed  in  the  results  of  this  work. 

Jaensson^*  has  presented  a  provocative  study  of  the  effects  of  a  fixed  if)  angle 
system  on  the  20  peak  position.  Although  this  factor  should  be  given  serious  con¬ 
sideration  for  conducting  texture  corrections,  the  doublet  separation  in  this  study 
is  approximately  one  degree  20,  apparently  not  accounting  for  the  full  phase  effect. 

Although  further  experimental  work  is  certainly  in  order  to  identify  the 
origins  of  this  effect,  some  recommendations  can  be  made  to  reduce  or  correct  for 
this  20^  effect. 

Following  the  suggestion  of  Jaensson^,  a  if)-2G  coupled  goniometer  may  reduce 
20^.  Along  these  lines,  R.  Chrenko,  G.E.  R&D  Laboratory,  Schenectady,  N.Y. ,  recently 
suggested  that  the  side  slope  method  employed  with  the  if)  constant  Rigaku  Strainflex 
goniometer  should  be  tested  to  effectively  give  the  same  conditions  as  suggested  by 
Jaensson. 


8.  HORNUNG,  N.L.  X-Ray  Stress  Analysis  Development  of  Aluminum  Standards,  Special 
AMMRC  Report,  in  process. 

9.  JAENSSON,  B-  A  Principal  Distinction  Between  Different  Kinds  of  X-Ray  Equipment 
for  Residual  Stress  Measurement,  Mat.  Sci.  and  Engrg. ,  v.  43,  1980,  p.  169. 
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q  Defocussing  Correction 
No  Texture  Correction 


Figure  11.  Measured  residual  stress  a  ,  vs.  for  steel 
specimen  1  showing  effect  of  defocusslng  correction  and 
setting  20  L  =  0  (displacing  f  curve). 
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1.  The  reduction  of  the  average  grain  size  by  the  use  of  a  large  divergent 
beam  may  be  a  means  to  reduce  the  20  .  Jaensson  suggests  oscillating  the  gonio¬ 
meter  to  achieve  the  same  result.  It  should  be  pointed  out,  however,  that  when 
this  procedure  is  followed,  the  time  constant  of  the  detection  system  must  be 
increased  substantially. 

2.  Another  method  of  increasing  the  number  of  grains  is  to  increase  the 
X-ray  energy,  thus  permitting  greater  penetration  of  the  X-rays  into  the  steel. 

3.  Displace  the  f  curve,  matching  20  .  and  the  (211)  K  maximum  as  demon¬ 
strated  in  Figure  11.  This  would  reduce  tBenerror  with  the  Marion-Cohen  texture 
correction  in  determining  the  residual  stress. 

The  suggestion  of  Dolle  and  Cohen'1  to  employ  {hhh}  or  {hOO}  reflections  is  of 
course  available  with  the  selection  of  the  CuK,*  (400)  steel  reflection.  However 
another  technique  may  be  to  use  a  non-di spersiVe  technique  (whereby  the  energy  of 
the  radiation  is  varied  in  the  back  reflecting  region)  :  add  the  shifts  in  X  or  20 
for  several  {hkl  }s  to  "average  out"  the  texture  in  the  sample  thereby  avoiding  a 
Marion-Cohen  correction.  This  technique  would  increase  the  accuracy  over  the  se¬ 
lection  of  the  CrK  (200)  steel  reflection.  [Presently,  the  CrK  (211)  affords  3h 
times  the  accuracy  over  the  CrK^  (200)  reflection!] 

Another  approach  would  be  to  use  the  CoK  (310)  reflection  to  avoid  the  scat¬ 
tering  vector  from  approaching  the  high  concentrations  of  the  {310}  poles  due  to 
texture.1  However,  this  technique  demands  further  experimental  work,  due  to  the 
departure  of  practical  textures  from  the  ideal  case,  as  well  as  other  potential 
problems. 


*The  use  of  the  CuKg  radiation  places  some  additional  experimental  restrictions  on 
resolution  of  the  (400)  diffraction  peak  due  to  the  fluorescence  of  the  iron  atoms 
Although  a  monochromator  increases  the  resolution,  the  price  is  a  loss  in  X-ray 
intensity . 
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